A theoretical investigation based on the linear dielectric formalism is presented of the stopping of large clusters in metals at velocities above the Fermi velocity. Calculations are carried out for hydrogen clusters of 4, 13, and 100 H2 molecules stopping in aluminum. Emphasis is placed on the influence of the internal cluster structure, which enters in the present description via the pair-correlation function for the relative positions of nuclei. The target properties are modeled by Lindhard's dielectric function for a free-electron gas. Interference effects with respect to both collective and individual excitations are quantified separately for intra-and intermolecular terms, and are evaluated as a function of cluster velocity. Effects of short-range order, in particular the importance of an exclusion volume around each molecule, are clearly visible. The results indicate, however, that beyond the nearest neighbor the detailed molecular arrangement has only little influence on the stopping power for the clusters studied. 
I. INTRODUCTION Most of our knowledge about the interaction processes that govern the behavior of swift ions in solids derives from experiments using beams of single atomic particles.
In this case, the separation between the beam particles is microscopically so large that the solid is back to the equilibrium state when each new particle enters the medium, and so there is no interference in the response of the medium to different beam particles.
In contrast, when ionized cluster beams are used, the distance between the particles in a given cluster is similar to the interatomic distances in a solid, and therefore the cluster components will interact collectively. This can involve simultaneous interactions between several particles in the cluster and the solid. Hence, the use of cluster beams of molecular or atomic ions provides a new tool to investigate dynamical interaction processes in matter [1] .
Most of the studies along this line considered the case of small clusters containing a few atomic ions [1 -11] . In particular, earlier attention was paid to modifications in the energy loss of the cluster [2 -7] , to the Coulomb explosion of molecular ions [8, 9] , and to studies of spatial patterns to distinguish different molecular structures through cluster -beam-foil experiment analyses [10, 11] .
More recently [12, 13] , experimental techniques have been developed that allow the study of large molecular clusters containing up to several thousand molecules.
This opens a field for new studies of cluster-solid interactions, where even the main processes are still not well understood; in particular, recent claims point at the possibility of using large molecular clusters to induce fusion processes in solids [14] , an area that is currently under discussion [14, 15] .
Furthermore, we should mention the growing field of ion-beam applications in fusion research, where energetic ion beams are used as drivers in inertial-confinement fusion experiments [16, 17] . The possible use of ionizedcluster beams, which can provide higher concentrations of energy inside the target, is an alternative that becomes of particular interest. In a recent paper Deutsch [18] discusses experimental and theoretical aspects of the application of relatively large ionized cluster beams in particle-driven inertial confinement fusion.
Basic research is being pursued in the field of largecluster interaction with solid targets both theoretically [19] and experimentally. One recent experiment [20] was performed with hydrogen clusters H"+ up to n =25. The authors measured the energy loss of clusters penetrating carbon foils at energies up to 120 keV per proton.
In this work we consider the cluster stopping power (i.e. , the energy loss per unit pathlength) in a solid due to electronic excitations, for a range of cluster velocities starting from the Fermi velocity vF of the solid-target electrons. We consider homonuclear clusters, and the electron gas model is used to account for the vicinage effects in both collective and individual electron excitations (i.e. , the so-called electronic stopping power}. By excluding clusters of low velocity we can ignore complications due to nonlinearity in the screening of the cluster charge [21] , and also the effects of nuclear interaction on the energy loss, since electronic stopping is the dominant mechanism in the velocity range investigated here [22, 23] . (6) where the function F(k) represents the structure factor [25] for the cluster, II. BASIC MODEL F(k)=1+n f d rgd(r) (7) Consider a cluster consisting of N atoms with relative positions r;, each atom having a charge Z, and moving with velocity v through a stopping medium. A general expression for the stopping power S, l of such a cluster is given by [4, 21, 24] We use atomic units, e=fi=m =1, throughout this paper. Equation (1) takes into account the contribution of each individual particle to the stopping power as well as its interference effects with other particles in the cluster.
The electromagnetic response of the medium to an external perturbation is described by the dielectric formalism in terms of the target dielectric function e(k, co).
Thus, the proton stopping power is
The united-atom limit, on the other hand, is obtained when internuclear distances may be considered to be small compared to the relevant excitation wavelengths; hence, one may replace the term sin(kr)/(kr) in Eq. (7) by unity, and the cluster stopping power becomes
As noted above, Eq. (6) Equation (6) can be applied to two limiting cases, the independent-particle limit and the united-atom limit. The first case may be realized by making all internuclear distances so large that the term sin(kr)/(kr) in Eq. (7) changes sign frequently and the net contribution from the interference term becomes very small. In this case, one obtains S, =, f" "" f ""d~~lm- It may be noted that although Eqs. (8) and (9) are limiting cases with respect to the cluster size, they are not extreme cases with respect to the stopping power. For destructive interference the cluster stopping power may still be smaller than the independent-particle limit given by Eq. (8 (17) has been introduced here to conserve the number of atoms in the cluster, Eq. (10},hence to ensure compatibility with the united-atom limit Eq. (9) . An example of the correlation function for a hydrogen cluster of 13 molecules is discussed in the next section.
B. Ordered clusters
In solid parahydrogen H2 molecules form a hexagonal close-packed lattice [29, 30] , with no particular orientation of the molecular axes. In the ordered-cluster model we assume that hydrogen clusters will retain this structure. Two clusters of particularly high symmetry and low configurational energy are the tetrahedron, consisting of four H2 molecules, and one consisting of 13 H2 molecules, shown in Fig. 1 . These will be taken here to study effects of cluster structure on stopping.
The intermolecular pair-correlation function g;"", for a where both integrations extend over the cluster volume. This amounts to calculating the overlap of two spheres of radius r, & with their centers separated by r, giving A. Random spherical clusters Let the cluster consist of a single-element medium with atomic density n. By cutting out from this medium a sphere with radius r,~, one obtains a cluster with an average number of N atoms, 4m N=n r, ) . (13) In this random model, the atoms form diatomic molecules, and these molecules are located at random positions within the cluster; yet no two atoms can approach each other closer than a minimum distance r,", as for instance in a gas of hard spheres. The intermolecular pair correlation of atoms g;"", (r) in such a cluster is zero for r &r, ", and is related, for r~r ,", to the probability p of finding two atoms both within the sphere, at separation r, cluster of Hz molecules whose centers are arranged in an hcp lattice but have otherwise random orientation is given as a convolution of two functions, the one denoting the distribution of separations between lattice points, which we denote by g", (r), and the other representing the molecular structure, i.e. , the function g;"", (r) in Eq.
(12), g;"""(r)= Jd r'g", (r')g;"",(r -r') .
The correlation of lattice points gz,~i s given by a sum of 5 functions, the exclusion radius, r, "=0and r, "=6. 29 a.u. The latter value is equal to the one corresponding to the orderedcluster model. Clearly, the curve for the ordered cluster shows a strong nearest-neighbor peak and some structure at larger distances. The curves for the random cluster display quite a different, monotonic behavior, although the pair-correlation function extends up to roughly the same values of r for both the random and the ordered model. All curves have the same normalization, cf. Eq. (10).
IV. CLUSTER STOPPING POWER
Now we turn to the evaluation of the cluster stopping power Eq. (6) for the models of cluster structure specified above. The separation of intra-and intermolecular efFects according to Eq. (11) It is clear that, apart from the cluster structure, the behavior of the cluster stopping power will be determined by the dielectric properties of the target medium. The effect of the target properties, modelled by Drude and Mermin dielectric functions, on the cluster stopping has been reported elsewhere [19] for the case of a carbon target. In this article we consider hydrogen stopping in an aluminum target, which is well described by a freeelectron gas, hence one may use Lindhard's dielectric function [31] Figure 3 shows the three contributions to the reduced stopping power according to Eq. (20) , for a large random cluster of 100 H2 molecules impinging on aluminum.
There is a threshold velocity, common to all three curves, below which no stopping occurs. This is a well-known characteristic of the plasrnon-pole approximation. Above threshold, the term S goes through a pronounced maximum and then falls off with increasing velocity. The term S t"shows a similar behavior, but is only about half the magnitude of S . This is easily explained since the characteristic wave number k;"", lies in between k in This model, applicable in the high-velocity limit, provides a fairly good approximation to the Lindhard dielectric function; it accounts for the collective electron-gas behavior at small k and the free-particle behavior at large k, and also includes, although in a rudimentary manner, the Pauli exclusion principle through the appearance of a dispersive term for small k, whose value corresponds to a degenerate electron gas with Fermi velocity vF. It does not include, however, the Doppler broadening of individual excitations [33] [31] .
First we show in Fig. 4 the influence on S;"", of the distance of exclusion r,". The system is the same as in Fig. 3 [6, 7] . A recent experiment using larger clusters [20] shows clearly, similar to the present study, a defect of stopping at low velocities and an excess of stopping at high velocities. Figure 4 shows that the quantitative results will be more sensitive to the short-range order in the cluster, represented here by only one number r,", in the intermediate range of velocities than for higher velocities.
It is interesting to study the partitioning of energy losses into individual and collective excitations, in particular with respect to the intra-and intermolecular interference. Figure 5 shows all pertinent terms for a random cluster of 13 Hz molecules. Consider first the independent-particle contributions due to electron-hole (S~" ) and plasmon (S ') excitation. At low velocities, only the electron-hole mechanism is possible. There is a threshold for plasrnon excitation, and for velocities above this threshold both mechanisms give comparable contributions to the stopping. This is known as the partition rule [22, 34] .
For the intramolecular interference terms S, . ", ""and S, "", the behavior is quite different. At low velocities electron-hole excitations give the main contribution, while plasrnon excitation is not possible below the threshold velocity. Comparison of the two curves for S' " and S, ' t""shows that intramolecular interference of electronhole excitations is notable (more than 50%) at low velocities and is less pronounced at higher velocities. Intrarnolecular interference of plasmon excitations, on the other hand, gives the major portion at high velocities. Note that the curve for SP"'", is strikingly close to the curve for S ': The intramolecular interference of plasmons is constructive and almost complete. Obviously, the wavelengths of plasmons A=2nu, /co& are large compared to the interatomic separation within an Hz molecule.
The intermolecular interference terms S, ", ""and SP"'"" in turn, show still another behavior. Almost all intermolecular interference is due to plasmon excitation alone, while electron-hole excitations practically do not contribute in this case. Again, this is explained by the pertinent characteristic wave numbers involved: Electron-hole excitations have short wavelengths compared to the extensions of the cluster.
%'e see in Fig. 5 An important question is the influence of the detailed arrangement of molecules in the cluster on the stopping.
Evidently, this will only affect the intermolecular part, and, based on Fig. 4 , one would expect the influence to be decreasing with increasing velocity. Figure 6 shows a comparison of intermolecular interference for random versus ordered clusters, as introduced in Sec. III, for two clusters containing 4 and 13 Hz molecules. Only the plasmon contribution is displayed, since electron-hole excitations are, in this case, irrelevant, cf. Fig. 5 . Very little difference is observed between the two extreme models of random and ordered clusters, having in mind that the pertinent pair-correlation functions differ quite drastically, cf. Fig. 2 . Note, however, that this result depends on the choice of the exclusion radius for the random cluster.
In Fig. 6 , r,"has been set to 6.29 a.u. , corresponding to the value for the ordered cluster. We thus conclude that while short-range order has a definite effect on c1uster stopping (see Fig. 4 ), long-range order in the cluster structure is much less important, at least for the case of random orientation.
In Fig. 7(a) we show the total reduced stopping power for clusters of 1, 4, 13, and Fig. 7(a) Fig. 7 (b) all intramolecular distances have been enlarged by a factor of 2, whereas all intermolecular distances are identical to those of Fig. 7(a) . The qualitative behavior is not affected by this procedure; in particular, the large enhancement in stopping at high velocities for the cluster of 100 Hz molecules is fully reproduced. At velocities near the proton stopping-power maximum, however, interference effects become less pronounced for the expanded cluster. term S;"", is proportional to I lr,~, i.e. , is reduced by a factor of 4 for the expanded cluster. Also, this maximum occurs at a velocity proportional to r", hence the maximum for the cluster of 100 molecules seen at the highvelocity end of Fig. 7 (a} is shifted to velocities beyond the range of Fig. 7(c 
